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esponsibility of InstAbstract Xyloketals, a new type of antioxidants from a marine mangrove fungus, have potential
pharmacological properties. In this paper, the radical-scavenging activities of a series of synthetic
xyloketals and related chromanes toward 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) were evaluated by absorption spectrometry. One of the
compounds (compound 10) displayed signiﬁcant antioxidative action against DPPH and ABTS. A
structure-activity analysis showed that the reactive sites on these compounds correlated with a hydroxy-
group and also with ketal or aromatic H substituents. Based in part on a density functional theory (DFT)
calculation of compound 10, the antioxidant mechanism of this chromane was deduced as a possible
radical-scavenging mechanism by a sequential proton loss electron-transfer (SPLET) process.
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Free radicals and other reactive oxygen species (ROS) are inevitable
by-products of biological redox reactions, and play important roles
in disease and cellular damage1–4. Consequently, selecting efﬁcient
antioxidants to scavenge free radicals has aroused great interest. In
recent years numerous studies have shown that phenols exhibit
potent antioxidant activities5–7. In particular, benzopyran-type
phenols such as vitamin E and quercetin show high radical
scavenging activities, since they would be readily converted to the
corresponding O-quinones and further products8–10. However, to
completely understand the antioxidant mechanisms of phenols and
explain why they show high radical scavenging activities, and
whether the formation of O-quinones or H-atom abstraction is the
key event, further studies are required.
Xyloketals, a series of novel benzopyran compounds derived
from natural products isolated from a marine mangrove endophytic
fungus11–13, possess multiple strong pharmacological properties,
such as blood vessel relaxation, promoting endothelial cell NO
production, inhibiting NADPH oxidase activity and attenuating ox-
LDL-induced oxidative stress14,15. Furthermore, (7)-xyloketal B
was able to protect PC12 cells against oxygen glucose deprivation
(OGD)-induced cell injury and to directly scavenge DPPH free
radicals and protect mitochondria against oxidative insult16. The
antioxidative property and protective action on mitochondria may
account for its neuroprotective action. It was speculated that the
pharmacological effects of xyloketals may arise from their anti-
oxidative or radical-scavenging activities. Exploring the antioxida-Figure 1 The structures of xyloketals, related benzopyran compoutive and radical-scavenging mechanisms of these compounds is
therefore quite attractive.
In this paper, the antioxidative ability of xyloketals and
benzopyran derivatives 1–10 (Fig. 1) against DPPH and ABTS
were assessed by utilizing absorption spectrometry, and density
functional theory (DFT) calculations were used to dissect the
antioxidative mechanism of this series of compounds. Herein we
report our observations and discuss mechanistic interpretations.2. Results and discussion
2.1. Chemistry
Compounds 1–10 (Fig. 1) were prepared from commercially
available orcinol with methyl vinyl ketone in methanol via
intramolecular Michael addition and followed by a ketal cyclization
in the presence of p-TsOH with 72–95% yield (Scheme 1)17.
Compound 9 is a novel compound. The structure of chromane rac-9
was further conﬁrmed by X-ray diffraction crystallography (Fig. 2).
2.2. Crystallographic data
Single-crystal growth was carried on in hexane at room tempera-
ture. Crystal data for 9: C17H24O4, crystal dimension 0.41 mm
0.41 mm 0.26 mm, space group Monoclinic, C2/c; unit cell
dimensions a¼11.521 (2) Å, b¼13.206(2) Å, c¼11.2193(19) Å,
volume¼1546.5(5) Å3, Z¼4, Dcalcd¼1.256 Mg/m3, m¼0.088 mm1,nds, phloroglucinol, vitamin C, quercetin, and ()-epigallocatechin.
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Scheme 1 Synthesis of the target compounds.
Figure 2 X-ray structure of chromane 9.
Z. Xu et al.324F000¼632. All single-crystal data were collected using the hemi-
sphere technique on a Bruker SMART 1000 CCD system diffract-
ometer with graphite-monochromated Mo Kα radiation λ¼0.7l073 at
173(2) K. The structure was solved by the direct method. The ﬁnal
value of R was 0.0395, wR2¼0.1076 [I42s (I)].2.3. Antioxidant activities of xyloketals and related chromanes
against DPPH and ABTS
Various antioxidant activity assays have been used to evaluate the
actions of antioxidant compounds18–21. Among them, the radical
scavenging activity testing method such as DPPH, ABTS scaven-
ging activity screenings, is described as a simple, rapid and
convenient method independent of sample polarities for radical
scavenging effects screening. It can be used for solid or liquid
samples and is not speciﬁc to any particular antioxidant compo-
nent, but applies to the overall antioxidant capacity of the
samples22,23. These advantages aroused many interests for testing
radicals scavenging abilities of various natural products to ﬁnd out
promising candidates for antioxidants.
DPPH and ABTS radical-scavenging activities of xyloketals
and benzopyran derivatives (1–10), which possess electron-with-
drawing/donating substituents on the aromatic ring and different
benzopyran rings, were evaluated in methanol by absorption
spectroscopy, and phloroglucinol, vitamin C and quercetin were
used as positive controls. Due to slight different experimental
conditions, the results showed some drift. For example, the IC50 of
vitamin C was reported from 28 to 460 μM in scavenging activities
against DPPH24–27. In our research, the IC50 of vitamin C is
154.5 μM, which proved the reliability of the operation. The
results showed that most of the examined compounds had
moderate to strong radical scavenging activities, and among them,
compound 10 displayed signiﬁcant antioxidative activity both
against DPPH and ABTS. It can be seen from Table 1 that the
compounds which lack a hydroxyl group, such as compounds 1, 5,and 9, showed low activities. Therefore, the hydroxyl group is an
important functional group for antioxidative action. The activity of
compound 6 substituted in H-2 is two-fold weaker than 10 with no
substituent in H-2, and it may mean that a hydrogen at the C-2 or
C-6 position is important in the radical-scavenging activities of
these compounds. With compounds 2, 3a–c and 4, ABTS-
scavenging activities were not consistent with their DPPH-
scavenging properties, suggesting that the reactive site of these
compounds with free radicals correlated not only with the OH
group but also with a ketal or aromatic H. The results suggested
that these derivatives are unique compounds with potential
implication in the treatment of certain diseases with lipid oxidation
induced by free-radical formation and it provided valuable
information for further structural modiﬁcation.
Fig. 3a exempliﬁes the absorption spectrum of 10 after reaction
with DPPH. In addition, the DPPH-scavenging activities of
compounds 2, 8, and 10 showed good time-dependence
(Fig. 3b). The relative rates of DPPH scavenging are in the order
of 104842 based on the analyses of the relationship between the
absorbance intensity and time.2.4. SPLET mechanism and BDE calculations
The role of OH groups in the antioxidant activity of benzopyrans
was further deduced by semi-empirica quantum chemistry calcula-
tion. We studied the free-radical scavenging mechanism of
compound 10, which has the best antioxidant activity of these
compounds. Electron delocalization in the parent molecule
(ArOH) and in the phenoxy radical (ArOd) is one major electronic
feature correlated with a high antioxidant capacity28. Generally,
the redox reactivity mode of phenolic compounds (ArOH) can
follow three different chemical pathways:One-step H-atom transfer (HAT):
DPPHd+ArOH-DPPHH+ArOd (1)
Stepwise electron-transfer/proton-transfer (ET/EP):
ArOH+DPPHd-ArOHd++DPPH-ArOd+DPPHH (2)
sequential proton loss electron-transfer (SPLET):
ArOH-ArO+H+, ArO+DPPHd-
ArOd+DPPH, DPPH+H+-DPPHH (3)
As shown in Table 2, the O-H BDE at position 11 and 12 of
compound 10 is 84.76 and 85.63 kcal/mol, respectively. However,
the BDE of DPPHH is low (around 82.6 kcal/mol), indicating that
this compound does not utilize the HAT mechanism. Judging from
the IP value of compound 10, it is strongly localized on the O
atom from where the H atom is removed (170.90 kcal/mol);
therefore, the ET/EP mechanism is not likely in this process.
The dissociation energy of the 11-phenolic anion and 12-phenolic
anion are 53.67 and 51.47 kcal/mol, respectively. Comparably, the
IP value of DPPH free radical is 93.9 kcal/mol29, higher than the
IP of anions of 10. On the other hand, electron transfer between
DPPH and 11- or 12-phenolic anion occurred spontaneously.
Thus, a SPLET mechanism is favored in the DPPH-scavenging
process. It should be noted that the IP of 12-OH is lower than that
Table 1 The IC50 of xyloketals and benzopyran derivatives for DPPH and ABTS free radicals.
Compd. IC50 (μM) Compd. IC50 (μM) Compd. IC50 (μM)
DPPH ABTS DPPH ABTS DPPH ABTS
1 4200 4200 4 4200 21.8 9 4200 4200
2 102 11.7 5 4200 4200 10 7.2 8.2
3a 20.6 7.1 6 15.3 14.7 Phloroglucinol 47.5 6.93
3b 4200 15.4 7 4200 4200 Vitamin C 154.5 36.0
3c 4200 21.8 8 31.5 21.8 Quercetin 5.5 25.2
Figure 3 (a) Consecutive spectra of the visible absorbance (517 nm) of DPPH (0.04 mmol) solution in MeOH at 298 K with addition of 10;
(b) DPPH scavenging as a function of reaction time for compound 2(■), 8(●), 10(▲).
Table 2 (RO)B3LYP/6-311+G(2d, 2p)//(RO)B3LYP/6-31+G(d)-calculated BDEs and IPs of 10 or derived anions or radicals.
Compound or anions or radicals SPE (hartree) ZPVE (hartree) TCE (hartree) BDE (kcal/mol) IP (kcal/mol)
a 653.49149868 0.242655 0.243599
b 653.21872847 0.242232 – 170.90
c 652.84427051 0.229537 0.230482 85.63
d 652.92544487 0.228687 – 51.47
e 652.84457356 0.229382 0.230326 84.76
f 652.92917019 0.228452 – 53.67
SPE, Single point energy; ZPVE, Zero point vibrational energy; TCE, Thermal correction to enthalpy; BDE, Bond dissociation energy; IP, Ionization potential.
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Z. Xu et al.326of 11-OH by 2.2 kcal/mol, demonstrating that the 12-OH group
more easily generates a radical cation and is likely more active in
DPPH-scavenging than the 11-OH group. This calculated result is
also supported by the structure-activity relationship analysis and
the kinetics of oxidation of this type of compounds as demon-
strated by the absorption spectrometry analysis.3. Materials and method
3.1. Chemicals, reagents and materials
All the solvents were of the highest commercially available purity
and were used as received. Melting points were uncorrected. The
NMR spectra were taken on 400 MHz spectrometers. Chemical
shifts are given in ppm (δ-scale), coupling constants (J) in Hz.
Complete assignment of all NMR signals was performed using a
combination of H, H-COZY, H, C-HSQC and H, C-HMBC
experiments. Mass spectra (EI) were measured on a dual sector
mass spectrometer using direct inlet and the lowest temperature
enabling evaporation. Compounds 1–9 were prepared according to
reported procedures17. Column chromatography was performed
using ﬂash silica gel. Yields are given for isolated products
showing one spot on a TLC plate and no impurities detectable
in the NMR spectrum. The DPPH and ABTS (from Aldrich-
Sigma) radicals were purchased with the highest purity available
and used as received.
Chromane 9: To a suspension of orcin (1.00 g, 7.94 mmol),
methyl vinyl ketone (1.30 g, 18.26 mmol), anhydrous magnesium
sulfate (1.50 g) and methanol (30 mL) at 0 1C was added p-TsOH
(1.43 g, 7.94 mmol). The mixture was allowed to warm to room
temperature and was stirred for 8 h. The mixture was then diluted
with ethyl acetate. The resultant solution was washed with a
saturated aqueous solution of ammonium chloride, brine, dried
over anhydrous magnesium sulfate and concentrated in vacuo.
Puriﬁcation by ﬂash chromatography using petroleum ether and
ethyl acetate as the eluant afforded compound 9 (1.68 g, 94%) as a
white solid. Mp. 166–167 1C, 1H NMR (CDCl3, 400 MHz) δ: 1.52
(s, 6H), 1.80 (dd, J¼6.5, 13.5, 1H), 1.82 (dd, J¼6.5, 13.5, 1H),
2.09 (s, 3H), 2.15 (dd, J¼6.5, 13.5, 1H), 2.16 (dd, J¼6.5, 13.5,
1H), 2.55 (dd, J¼6.5, 16.0, 1H), 2.56 (dd, J¼6.5, 16.0, 1H), 2.70
(dd, J¼6.5, 16.0, 1H), 2.73 (dd, J¼6.5, 16.0, 1H), 3.24 (s, 6H),
6.29 (s, 1H); 13C NMR (CDCl3, 101 MHz): 14.7, 19.9, 23.4, 32.5,
49.3, 97.7, 103.0, 114.1, 135.1, 151.3. HR-EI-MS calcd. for
C17H24O4, 292.1674, found 292.1672.
3.2. Antioxidant assays
Quantiﬁcation of radical scavenging activity was based on a
procedure described previously with some modiﬁcations30,31.
The solutions of the test compounds (AH) in methanol (0.1 mL)
were added to the respective solution of the stable free radicals
DPPH and ABTS (2.4 mL, 100 μM) at different molar ratios. After
30 min of incubation at 3770.5 1C maintained by an outer water-
circulating bath, the absorbance at 517 nm and 735 nm was
measured. Vitamin C, phloroglucinol and quercetin were used as
positive controls. Results are expressed as the sample concentra-
tion that quenches 50% of the DPPH radical (IC50, μM), calculated
by linear regression. The inhibition ratio (%) was calculated using
the following formula: inhibition ratio (%)¼ (AAl)/A 100,
where A is the absorbance of the control and Al is the absorbance
of the test sample.3.3. Calculations
In this paper, BDEs were calculated according to the following
procedures. The molecular geometries were optimized ﬁrst by the
molecular mechanics method MMX, and then, by the semi-
empirical quantum chemical method AM1. Finally, according to
the proposal of Wright et al.32, (RO) B3LYP functional basis set of
6–311+G (2d, 2p) was used for the full geometry optimization.
The zero point vibrational energy (ZPVE) and the vibrational
contribution to the energy were scaled by a factor of 0.9805
according to the deﬁnition of BDE, BDE¼Hr+HhHp, in which,
Hr is the enthalpy for radical generated after H-abstraction
reaction, Hh is the enthalpy for hydrogen atom, 0.49792 hartree,
and Hp is the enthalpy for the parent molecule. Adiabatic IPs were
calculated by means of a combined DFT method, which affords
accuracy and economy. (RO) B3LYP functional basis set of 6–31
+G (d) was used to calculate single point energy (SPE) on the
basis of the PM3-optimized structure. Thus, the molecular energy
(e) consists of (RO) B3LYP/6-31+G (d) calculated SPE and PM3
calculated ZPVE (scaled by a factor of 0.947). In these calcula-
tions IP¼ecep, in which ec is the energy for cation radical, while
ep is the energy for parent molecule. All of the quantum chemical
calculations were accomplished with the Gaussian 03 program.
Considering the lipophilicity of edaravone, the calculations were
achieved in gas phase.
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